The adsorption of CO(g) on a Co/Re/γ -Al 2 O 3 catalyst has been studied by diffuse reflectance infrared spectroscopy. The effects of pressure and temperature as well as addition of O 2 (g) and H 2 (g) have been investigated. The presence of Re as a promoter is shown to increase the degree of cobalt reduction, increase the amount of bridged species, and decrease the reduction temperature without any sign of electronic interaction between the two metals. Oxidation or hydrogenation reveals bands arising from rhenium carbonyl species, showing that the Re is located at the catalyst surface. It is proposed that Re either by direct blocking or by sterical hindrance inhibits the transportation of formate onto the active Co sites, and thereby hinders one of two possible reaction paths in the FischerTropsch synthesis. When the catalyst is exposed to low pressures of CO for longer periods new band structures appear, suggesting that exposure to CO may lead to a reconstruction of the Co surface. This process involves creation/destruction of various adsorption sites and leads to a decrease in the long-range dipole-dipole interaction. Consequently, new absorptions are revealed in the spectrum.
I. INTRODUCTION
In this work, we report our studies of the Fischer-Tropsch reaction on a 12% Co/Re/γ -Al 2 O 3 catalyst. The assignment of the infrared bands is based on our previous study of a 12% Co/γ -Al 2 O 3 catalyst (1). This study included a theoretical model which enables the calculation of absorptions arising from CO being adsorbed on various sites on the Co surface (1) . Infrared studies of other Co/Al 2 O 3 catalysts (2-11), cobalt films or foils (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) , cobalt single crystals (22) (23) (24) (25) , cobalt oxides (26) , cobalt carbonyls (27) (28) (29) (30) , and cobalt alumina spinel (31) supply additional information. So do other studies of Co/Re/Al 2 O 3 catalysts (32) (33) (34) (35) .
II. EXPERIMENTAL
DRIFTS (diffuse reflectance infrared fourier transform spectroscopy) spectra were recorded with a Perkin Elmer model 2000 FTIR instrument using a spectral resolution of 8 cm −1 . The DRIFT unit including a vacuum chamber was obtained from Harrick Sci. Corp. For information about DRIFTS for heterogeneous catalyst studies, see Refs. (36, 37) . All spectra presented here are transformed into Kubelka-Munk units.
The reactants were introduced via a gas-handling manifold including a glass mixing chamber. An absolute pressure transducer from Balzers was used to measure the pressure. The purities of the gases used in the experiments were 99.997% (CO), 99.9997% (H 2 ), 99.998% (O 2 ), and 99.9995% (N 2 ). Furthermore, the gases were cleaned prior to use by passing them through the following gas purifiers from Supelco: an OMI-1 indicating purifier (H 2 and N 2 ), a Supelpure O-trap (CO), and a drying tube, molecular sieve 5A (CO, O 2 ). Contamination from oxygen should be reduced to less than 0.5 ppm by this procedure.
The 12% Co/1% Re/γ -Al 2 O 3 catalyst was made by impregnating γ -Al 2 O 3 (Akzo, Alumina 000-1 1/2 E) with an aqueous solution of Co(NO 3 ) 2 · 6H 2 O + HReO 4 (coprecipitation), using the incipient wetness technique. Subsequently, the samples were dried at 100
• C and calcinated at 300
• C. The catalyst was reduced in situ for 16-20 h under atmospheric pressure by a stream of H 2 at 400
• C. Subsequently, the system was cooled to the desired temperature before evacuation and following introduction of CO(g). The CO pressure was typically 1-150 mbar, and the CO adsorption was studied as a function of temperature • C) and time, before and after the catalyst surface was exposed to additional H 2 or O 2 . Temperature changes were performed at a rate of 1-2 deg min −1 . The total exposure time was normally a few hours, until no further spectral developments were observed. metals (38) . In this relation, the force constants for metal carbonyl complexes are expressed in terms of the number of valence electrons of the metal atom, and the ionic charge of the complex and of the various ligands. Essentially, the model is a parametrization of the number of electrons available for bonding. The Co(CO) x (x = 1-4) species found on Co surfaces are very "complex-like," as they are rather loosely attached to the neighboring cobalt atoms and are able to migrate along the metal surface. Consequently, the only modification we have introduced to the model presented by Timney (38) is to replace the combined contribution from ionic charge and ligand effects by a calculated number of valence electrons for the individual cobalt atoms.
The number of available electrons on various surfaces and on edges and corners was obtained by ASED-MO (extended Hückel) calculations (39, 40) . To perform these calculations we employed a quantum chemistry program ICONC&INPUTC developed by Calzaferri and Brändle (41) . However, it is necessary to have data for the atomic valence orbital ionization potentials and the Slater orbital exponents. Using this program, we have not experienced any problems with metal cluster models consisting of as much as 160-200 atoms depending on the symmetry of the actual cluster. Primarily, we aimed to find the number of valence electrons typical of Co atoms situated well within the various surface planes, that is, as far away from the edges/corners as possible. This number is best approximated by the theoretical values calculated for the Co atoms situated in the middle of the model surfaces. The models are such that 2.4 to 4 atoms in all directions surround various central surface atoms. The number of valence electrons for Co atoms situated at edges/corners was estimated in a similar manner. For more details, see Ref. (1) .
IV. RESULTS
A typical spectrum of the 12% Co/1% Re/γ -Al 2 O 3 catalyst is presented in Fig. 1a . The effects of evacuation, temperature, exposure time, oxidation and hydrogenation are shown in the Figs. 2-7, respectively. In general, we found that the band structures that developed after exposure to CO(g) were nearly identical, both in appearance and in behavior, to those characteristic of the monometallic catalyst (Fig. 1b) . Nevertheless, the bimetallic catalyst differs from the monometallic in certain points:
• The bimetallic catalyst apparently reaches the same degree of reduction at 400 as at 500
• C, while the monometallic is much better reduced at 500
• C (1) (Figs. 1b, 1c ).
• The monometallic catalyst is very sensitive toward deviations from the ideal reduction conditions at 400
• C, for example due to instabilities in the hydrogen flow. Poor reduction gives rise to intensity maxima that are of lower in- • C, (b) 12% Co/γ -Al 2 O 3 reduced at 500
• C, and (c) 12% Co/γ -Al 2 O 3 reduced at 400
• C.
tensity and higher wavenumbers, and the low-wavenumber tail does not reveal any distinct intensity maxima even at low pressures of CO. In contrast, the bimetallic catalyst is easily reduced, and there are only small variances in the recorded spectra.
• The bimetallic catalyst invariantly gives rise to absorptions of substantially higher intensities than the monometallic catalyst. Due to the more intense absorptions, the spectra of the bimetallic catalyst are less noisy at low pressures of CO(g).
• The absorptions at 1880-1900 and 1820-10 cm −1 , assigned to bridged species, are both more frequently observed and show maxima that are more distinct 1 (Fig 1) .
Upon evacuation, the absorptions at high wavenumbers were the first to disappear, leaving a band at 1980 cm −1 after 15 min of evacuation (Fig. 2) . Further, the band at 1900 cm −1 was hardly visible at CO pressures below 0.01 mbar, while the less intense band at 1810 cm −1 only disappeared after 15 min of evacuation. 1 A band maximum at 1920-1900 cm −1 appears with a less defined peak between 1820 and 1805 cm −1 immediately after introduction of CO(g) at room temperature. These band maxima have been observed for P CO as high as 30 mbar. How the temperature influences the spectra is illustrated in Fig. 3 . At room temperature, the spectrum showed an intensity maximum at 2060 cm
, with a shoulder appearing at 2030 cm −1 (Fig. 3a) . When the temperature was raised to about 150-200
• C, the intensity maximum increased (Figs. 3a-3e). Subsequently, the high-temperature intensity maximum decreased as a function of time. Further increases in the temperature made the intensity fall even more rapidly (Figs. 3e-3g) . Also, the wavenumber of the intensity maximum was temperature dependent. When the temperature was raised from room temperature to 100
• C, the maximum red-shifted 25 cm , (Fig. 3c) . From room temperature to 150
• C, the intensity maximum experienced a slight blue shift and the absorptions in the high-wavenumber region became more pronounced. Simultaneously, the 1920 cm • C, we observed a red shift, which increased with annealing time (Figs. 3d-3h ). After prolonged exposure to CO(g) at 250
• C, all bands vanished except those that were due to the rhenium carbonyl species (Fig. 3i) (42) . At room temperature and as a function of time, the intensity maximum increased and shifted to higher wavenumbers. At 200
• C, the same development was observed at the outset, but at a certain point there was a fall in the intensity followed by a red shift (Fig. 4) . Simultaneously, a low-wavenumber "tail" ranging from 1970 to 1850 cm −1 remained relatively constant. Nevertheless, after 3 h of CO exposure at 200
• C, the intensity maximum had decreased to 1990 cm −1 and a new maximum became apparent at 1940 cm −1 (Fig. 4e) . After prolonged exposure time, the spectrum would normally appear as in Fig. 3i .
The response to the introduction of O 2 (g) or H 2 (g), subsequent to the CO adsorption, is presented in Figs. 5 and 6. In the corresponding case of the monometallic catalyst, hydrogenation or oxidation could make all CO absorptions disappear from the spectrum. In contrast, we here observed new, very resistant bands at 2035, 1925, and 1895(sh) cm −1 . During the hydrogenation process, new distinct absorption maxima were also revealed between 1980 and 1925 cm −1 (Fig. 7 ). At very low CO(g) pressures and 200
• C, we observed various intensity maxima that were concealed by other more intense absorptions at higher pressures (Fig. 8) . Our observations may be classified into two categories: All the bands listed above are low in intensity, and there are some variations in the observed wavenumbers. The 1920 cm −1 band in the first category was observed at CO pressures 1 mbar, and the intensity maximum increased continuously toward 1990 cm −1 when the pressure was increased. Concerning the second category, the pressure of CO was here slightly higher (although still <1 mbar). The two bands in the region 1790-1820 cm −1 were not observed in the same spectra, while the 1990 and the 1950 cm −1 bands sometimes appeared simultaneously.
On one occasion, prolonged Fischer-Tropsch activity 2 was followed by evacuation, cooling to room temperature, and reintroduction of 150 mbar CO(g). After the system had been left for 2 days, new spectral features appeared. We observed absorption maxima at 2057, 2033, 1990(sh), 1937, 1937-45, 1893 , and 1867 cm −1 (Fig. 9a) . The same 2 3 h at 200
• C, followed by 18 h at 250 • C; P CO = 150 mbar, P H 2 = 300 mbar.
catalyst sample was subsequently reduced overnight at 500
• C. Immediately after reintroduction of CO(g) at room temperature there was no sign of these band structures. However, the maxima became successively more distinct with exposure time. The band intensities increased steadily during several hours until they reached the same intensity as before the reduction procedure (Fig. 9b) .
We also studied the reproducibility of the CO absorption bands at various temperatures. At room temperature, we found the CO adsorption to be nearly reversible. Exposure to CO(g) or syngas at 200
• C followed by evacuation and subsequent reintroduction of CO led to absorption bands lower in both intensity and wavenumbers compared to the original bands. It was also impossible to re-establish the initial spectrum when the temperature was raised from 200 to 250
• C, and shortly after lowered back to 200
• C. Results from our ASED-MO calculations and the calculated wavenumbers for Co(CO) x (x = 1-3) adsorbed on various surface sites (1) are presented in Table 1 . We observe that the first CO molecules that adsorb on the Co(0001) surface are expected to give rise to absorptions around 1980 cm • C. See also Fig. 3a .
FIG. 9.
FTIR spectra of CO on 12% Co/1% Re/γ -Al 2 O 3 after prolonged exposure to CO(g) at room temperature: (a) 2 days with P CO = 150 mbar at room temperature (prehistory here includes hydrogenation at 250
• C for 18 h), and (b) after subsequent oxidation at room temperature, reduction at 500
• C, and new exposure to P CO = 150 mbar for 22 h at room temperature. unsaturated sites may contribute to absorptions as low as 1835 cm −1 . Concerning the subcarbonyls, the symmetric ν s modes are expected to be more intense than the antisymmetric ν a and the ν e modes due to "the metal surface selection rule" (43, 44) .
V. DISCUSSION
The spectra of CO adsorbed on the 12% Co/1% Re/γ -Al 2 O 3 catalyst show that the presence of Re induces a (significant) general increase in the absorbances (Fig. 1) . Simultaneously, the absorptions at 1880-1900 and 1820 cm −1 , assigned to bridged species, both are more frequently observed and show maxima that are more distinct than for the monometallic catalyst. These observations indicate that Re leads to a better-reduced Co surface and are well in accordance with other data (32) . Small amounts of Re has been shown to increase the degree of reduction of the catalyst from ∼50% to ∼80%, triple the amount of CO adsorbed on Co, and approximately double the CO hydrogenation rate. Essentially, the addition of Re increases the concentration of active sites, while the average site activity is shown unaffected (32) . Beyond that, we observe that the presence of Re leads to an increase in the 2230 cm −1 band, in accordance with XPS (X-ray photoelectron spectroscopy) results showing a corresponding increase in the number of exposed Al atoms (1, 45) .
In addition to the above effects of Re promoting, TPSR (temperature-programmed surface reaction) indicates that the presence of Re inhibits one of two reaction paths that are possible on the monometallic catalyst. The first of these two involves CO dissociation on (large) metal crystallites followed by hydrogenation of the α-carbon. The other involves spillover of CO and H to the support where a CH x O complex is formed, followed by diffusion of the complex to (large or small) metal crystallites where it decomposes (46, 47) . When Re is present, the latter path is inhibited (46) simultaneously as the number of exposed Al atoms increases. Since the formate absorption at 2908 cm −1 (48) is visible in both the mono-and the bimetallic catalysts, we suggest that Re either by direct blocking or by sterical hindrance inhibits the transportation of formate onto the active Co sites. If this transportation is based on migration along the catalyst surface, Re might for instance be situated near the interface between the metal and the support.
It is also of interest to know how close the contact must be between the Co and Re atoms in order to obtain the promoting effects. We know that cobalt has a close-packed hexagonal structure (ε-Co) at ordinary temperatures, but transforms to a face-centered cubic structure (α-Co) at approximately 417
• C (49, p. 170). Accordingly, the presence of rhenium allows a better reduction of cobalt below this transformation temperature. A close contact between the two metals might also increase the actual transformation temperature, as a 1% alloying addition of Re to ε-Co has been reported to lead to a rise in the transition temperature of 63
• C (49, p. 197). It has been suggested that rhenium promotes the reduction of cobalt oxide by hydrogen spillover (34, 35) , and that no direct contact is necessary in order to obtain the promoting effects (34) . The band structures arising from CO adsorbed on respectively Co and Re in the bimetallic catalyst show no shift in wavenumbers compared to the corresponding monometallic samples. This indicates that there are no strong electronic effects between the two metals, in agreement with the spillover theory.
The general increase that we observed in the intensity maximum and in the corresponding wavenumber as a function of time or increasing temperature (Figs. 3a-3e ), we connect with the increasing surface coverage of CO. An increase in the coverage of CO will often appear as a blue shift in the intensity maximum. This is due to the "long-range dipole-dipole interaction," which can influence vibrations that are close in wavenumbers (1, 43, 44) . The fall in intensity as a function of time and high temperatures (Figs. 3f-3i,  4) , we ascribe to an increase in the amount of dissociated CO on the metal surface and a subsequent decrease in the dipole-dipole interaction (1) . With regard to the absorption at 2030 cm −1 (Figs. 3a, 3b) , both Co and Re carbonyls show distinct bands at this wavenumber (1, 42) . However, the intensity increase that follows the temperature raise from room temperature to 100
• C does not really fit with the corresponding spectra of the Re catalyst (50) . The intensity increase is therefore ascribed to an increase in the amount of Co carbonyl species on the catalyst surface.
Absorbances due to CO adsorbed on Re atoms are observed at 2035, 1925, and 1895(sh) cm −1 when the catalyst after CO adsorption is exposed to oxygen or hydrogen (Figs. 5 and 6 ). This triplet is previously ascribed to tricarbonyl species adsorbed on Re (42); see also Table 2 .
Other absorption maxima are observed between the two bands at 2035 and 1929 cm −1 during the hydrogenation process (Fig. 7) . Moreover, very low CO pressures at 200
• C reveal various intensity maxima that at higher pressures are concealed by other more intense absorptions (Fig. 8) .
In this latter case, we observe either (i) a single absorption band at 1920-29 cm −1 , or (ii) various combinations the 1937, 1893 , and 1867 cm −1 also developed after Fischer-Tropsch activity followed by exposure to CO(g) for 2 days at room temperature and subsequent evacuation (Fig. 9) . CO adsorbed on Co 3 O 4 at room temperature has been reported to give rise to absorptions at 2070, 2060, 1980, 1950, 1905, 1880, 1822 , and 1788 cm −1 (26) . Also, a 5% Co/Al 2 O 3 catalyst that was exposed to CO(g) for more than 20 h developed maxima at 2060, 2025, 1990, 1950, 1900 , and 1790 cm −1 (2), and we have previously assigned the band around 2060 cm −1 to overlapping contributions from Co(CO) n , CoHCO, Co δ+ -CO, and large islands of CO 0 -CO on Co(0001) (1). In the same work, the intensity maximum around 2030 cm −1 was ascribed to Co 0 CO and Co(CO) n (1). That the band structures above reappear after re-reduction at 500
• C (Fig. 9b) indicates that the structures are due to CO adsorbed on a rather well-reduced part of the Co particles. This is not necessarily in contrast to the spectral resemblance with CO adsorbed on Co 3 O 4 , as Co 3 O 4 is easily reduced by CO even at room temperature (26) .
The bands from 1990 cm −1 and below have previously been assigned to polycarbonyl species (2) . The absorptions around 1990 and 1950 cm −1 are favored by CO(g) exposure time, by high temperature, and by high pressure in accordance with this interpretation. Also, the result of our theoretical calculations (1) supports the assignment of the pair of bands to Co(CO) n (Table 1) . Nevertheless, it is not evident whether the 1990 and the 1950 cm −1 bands arise from the same species or not. The band pair shows very similar behavior to changes in the experimental conditions and fits well with the calculated wavenumbers for band pairs arising from various di-and tricarbonyls ( Table 1 ). Assuming that the absorption bands are due to CO adsorbed on ideal surfaces, "the metal surface selection rule" is valid, and the two absorptions must arise from different species. On the other hand, "the metal surface selection rule" needs not be (strictly) valid for reconstructed surfaces. There are two reasons for this. First, species situated at defects may have a non-normal orientation with respect to the general surface. Second, surface reconstruction might affect the conductivity of the metal. In conclusion, we can neither exclude nor confirm that the 1990 and the 1950 cm −1 bands arise from the same carbonyl species.
The singlet around 1925 cm
, appearing when small amounts of CO(g) are introduced at 200
• C (case (i), above), we assign mainly to CO adsorbed on defects, edges, or corners in accordance with Table 1 . The absorptions below 1900 cm −1 we have earlier assigned to CO adsorbed in a polycoordinated position on well-reduced parts of the catalyst. From this interpretation, the amount of bridged species should increase with time at room temperature. This is a likely development since bridged species do not form on too small islands of reduced Co atoms, CO(g) may function as a reducing agent (26) , and the CO dissociation activity is close to zero at room temperature.
Generally, we suggest that large structures of adsorbed CO are broken up during the Fischer-Tropsh activity. This may follow from carbidization, but also from a more general reconstruction of the surface that includes creation of defects, see Refs. (1, 51) . First, the reconstruction leads to a decrease in the long-range dipole-dipole interaction and thereby in the intensity transfer toward higher wavenumbers. This may reveal new absorptions, which also may appear with a substantial increase in intensity (43, 44) . Second, the concentration of defects increases and thereby so does the concentration of subcarbonyls. Third, a certain degree of migration might take place, and thereby lead to the formation of larger particles, which may possess properties different from those of the smaller ones. In addition, the maxima arising from prolonged contact with CO(g) at room temperature, but before the catalyst has become stabilized, 3 indicate that CO(g) may both reduce and reconstruct the cobalt surface even at low temperatures, although the process here is slower. The spectral resemblance with CO adsorbed on (at least partly reduced) Co 3 O 4 might indicate that these bands are caused by CO adsorbed on Co atoms that are part of the larger Co particles. (Due to the metal-support interaction, it is natural to assume that the largest particles are formed from the reduction of welldefined Co 3 O 4 crystals.)
Consistent with this picture, our spectral results indicate that the CO adsorption is close to reversible at lower temperatures (in agreement with Ref. (52)) but not at higher temperatures. The absorption bands appearing after a second introduction of CO(g) at 200
• C were lower in both intensity and wavenumbers compared to the original bands. Presumptively, the evacuation process leads to a less dense adsorption pattern that facilitates the C-O dissociation and, if hydrogen is present, the possible formation of hydrocarbons. Therefore, when CO(g) is reintroduced, the readsorption is inhibited due to formation of new species and surface reconstruction. Likewise, the CO adsorption 200
• C was not reproduced after a short elevation of the 3 The stabilization period for Co catalysts is supposed to be at least 100 h at high pressure, probably somewhat shorter at our pressures. temperature to 250
• C. The mechanism here is probably the same, as the higher temperature may lead to increased CO dissociation and surface restructuring, which again may result in adsorbed species that remain and thereby inhibit CO adsorption when the temperature is lowered.
VI. CONCLUSIONS
The presence of Re as a promoter is shown to increase the degree of cobalt reduction, increase the amount of bridged species, and decrease the reduction temperature. The absorption bands due to Re carbonyls confirm the existence of Re at the catalyst surface simultaneously as there seems to be no electronic effect between the promoter and the active metal. These observations support the theory that the improved reduction of cobalt oxide in this catalyst is due to hydrogen spillover from rhenium.
Re is known to block the reaction path involving both the support and the metal. The formation of formate on the support seems to be unchanged by the presence of the promoter. We suggest that Re either by direct blocking or by sterical hindrance inhibits the transportation of formate from the support to the metal.
We observe that prolonged exposure to CO may lead to a reconstruction of the Co surface. This process involves creation/destruction of various adsorption sites and leads to a decrease in the long-range dipole-dipole interaction. Accordingly, new absorptions are revealed in the spectrum.
